Résumé. 2014 Abstract. 2014 After a presentation of the spectroscopic features used to identify EL2 defect in semi-insulating GaAs, a critical review of the methods which can give an optical mapping of the macroscopic distribution of defects in GaAs is presented. The transmission images reveal an inhomogeneous distribution of EL2°, which seems to be anti-correlated with the distribution of EL2+. The optical mechanism responsible for the cell structure also observed in the image could be scattering. This is more conveniently studied using laser scattering tomography (LST) which allows a better spatial resolution. The texture observed by LST is discussed as a function of the origin of the wafer studied and of their thermal annealing. The result of studies of the change in the LST images before and after photo-quenching of EL2, which could help to make a correlation between scattering centers and EL2 is still controversial. On the other hand, there is a clear relation between the photo-cathodo-luminescence images intensity and the distribution of dislocations in the wafer, but the point remains to explain the role of dislocations in the occurrence of EL2.
Experimental investigations on classical semiconductors (resistivity, Hall Conferences were especially devoted to this problem of Defect Recognition and Image processing [1, 2] . They were held in Montpellier (DRIP 1 1985) and Monterey .
The exact nature of EL2 centres is still a matter of controversy and details will be found in other chapters ; in brief it may likely include an antisite ASGA possibly associated with other kinds of defects such as VAs, As;, chemical donors or acceptors [3, 5] Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/rphysap:01988002305076500 giving rise to a series of closely similar defects [6, 7] .
The role of thermal stresses and dislocations in the generation or the gettering of EL2 is a matter of non conclusive discussions [8, 9] especially with the advent, some years ago, of dislocation free (DF) Indium doped materials [10] : this semi-insulating material actually contains [11] comparable EL2 densities (within a factor 2 or 3) to the one found in standard crystals. Also the modifications in the EL2 density distributions must be considered as a consequence of the physical processes introduced during the fabrication of devices (implantation, annealing, etc.).
Several methods of imaging were tentatively used which proceed from interaction of the material with infra-red light : absorption, scattering and luminescence. They revealed a macroscopic distribution of the defect in agreement with data obtained using etch pit density (EPD) measurements, resistivity mapping. Hall [6, 14] it was clear enough to associate this capacitance measurement with the typical photo-quenching phenomenon [15, 16] .' Unfortunately DLTS is not easy to handle and the signal can depend on the nature of the Schottky contact [17] ; it cannot generally be used on semi-insulating materials and the spatial resolution is not very good. It was soon preferred to control EL2 concentration with infrared transmission measurements [18] [20] evaluated from the Fermi function -the competitive transitions [21] [24] in the bulk from its initial direction by microscopic defects or extended faults [23, 25] or by refractive index inhomogeneities [23, 26] .
Also it still remains evident that such an optical measurement corresponds to averaging over the thickness of the sample and over the cross section of the probe beam : the corresponding volume could consist of a highly inhomogeneous bulk material.
The infra-red quantum absorption associated to the EL2 complex defect includes several transitions [27] from the fundamental state towards the conduction band minima : they were identified [28] [3, 29, 30, 31] . These transitions are sensitive to the photo-quenching regeneration mechanism, they are also used to mark the EL2 centres and give rise to contrast inverted images [32, 34] .
The exact nature of EL2 is not definitely established and the possible role of the anti site As' is still a matter of debate. The exact role of grown-in or strain induced dislocations in the generation or in the gettering process has also to be explained [3, 7, 8, 36, 37, 35] . These points will be emphazised through the analysis of transmission or tomography or luminescence images. The first IRT macroscale images were proposed by Brozel in 1983 : they gave evidence of a large and structured disorder in the material. An example [32] is given in figure 1 .
The experimental set up used in IRT are somewhat diversified : photographic film [39] , infra-red vidicon [38] , extended infra-red vidicon [40] , silicon diode array [41] or even scanning single detector [42] . tion ; it is undoubtedly related to the electrical properties [43] as sketched in figure 3 and refers to the local density of neutral EL2 centres controling the position of the Fermi level [44] . This W profile is usually observed in the top end of the ingot and progressively changes into a U shape (ring distribution) in the tail [43] . This fourfold symmetry [45] was predicted by the quasi-static transfer model proposed by Jordan [46] : the radial distribution of the EL2 centres should be composed of a uniform contribution directly related to the stoichiometry and a second variable mechanism giving a spatial modulation (Fig. 4) as proposed by Holmes [47] . This latter contribution is enhanced by local As excess which favors [37] [20] .
This background was attributed to the EL2°m icroscopic defect because it contributes significantly to the absorption coefficient but essentially because it is very sensitive [34, 35] to the PQ induced at 77 K : after an illumination with white light the background of transmitted light increases and the fourfold structure vanishes. Thermal regeneration [20] of the PQ induced changes occurs for temperatures above 125 K as expected for EL2m centers [30] . Similar behaviour is also noted in In-doped or Bridgman grown materials because they are known to contain similar densities of EL2° centers, independently of the dislocations. Nevertheless the PQ effect is lower, leading to the opinion that these centres are less numerous [33] .
Concerning high temperature annealing it is known that the electrical resistivity and the related EL2 density become more homogeneous [52] ; it is confirmed in the IRT macroscale images that the fourfold clear zones disappear [53] [38] in thick samples (6 mm) and the resulting contrast was faint ; this strongly limits the spatial resolution independently of the camera lens specifications [57] . The physical objects which constitute the walls of the cells cannot be resolved individually and the observed image result from an integration of these objects over the thickness of the sample ; the image is more relevant to a cloud of objects than to the objects themselves [58] . Nevertheless stereo images of the cells were obtained [59] which were interpreted as revealing a columnar organization of cells. Comparison of IRT with XRT and etch pit images [41] satisfactorily confirmed that the dark walls correspond to regions of high density of entangled dislocations.
Improving the contrast specifications of the image detection is the key to obtain higher resolution and to understand the exact origin of the IRT topographs. This aspect has been especially developed in dedicated systems such as SATTIR [60] or IRTS II [65] . Classical images display a contrast much larger than 30 % whereas IRT images are [61] in a range below 1 %. These special systems also have to remove specific low contrast image perturbations such as vignetting (i.e. a circular shadow on the border of the optical field). Such contrast enhancement allows resolved filaments to be observed in the cell walls in standard wafers 500 (JLm thick. In figure 6a-b are shown two photographs and respective intensity profiles for a thin (a) and a thick (b) sample ; the overmodulation phenomenon due to thickness integration is clearly observable (Fig. 6b) .
From the first investigations on these IRT images it was proposed that the walls of the cell were characterized by a larger local density of EL2° and a resulting larger absorption coefficient. Stirland [62] suggested that the microenvironnement of the dislocations would be richer in EL2 centres than the inner part of the cell. This point of view was largely accepted [37, 44, 63, 64, 65] [23] . Then the point is the understanding of the mechanism of EL2 generation or gettering by dislocations [66] . Alternative models were also proposed by Bray [36] and Weber [7] using the balanced equilibrium with an acceptor. No satisfying answer can be given and Blakemore [64] has even found that the correlation of EL2° with dislocations is not observed everywhere.
The electrical specifications of the FET structures depends on the proximity of the closest dislocation [67] and some doubt has even been cast on such a direct correlation [68] Blakemore [20] considered that the relation could be provided through the EL2 centre more likely than through the dislocation itself. Obviously it is established that the micro environment of a dislocation is strongly affected [69] .
Among the main arguments supporting this EL2 cladding of the dislocations was the observation of the low temperature photo-quenching : Skolnick and others observed [70, 40] So, if quantum absorption on EL2 sites is not the main origin of the image of the network then we must take into consideration the large scattering of photons [23] which occurs on the decorated dislocations and gives rise to the LST images [72] . The IRT image contrast could simply be due to the scattered and lost photons ; this is consistent with the high refractive index of GaAs (n = 3.5) and the focussing requirement [23, 59] which does not hold in the case of absorption (shadow casting).
Another interesting discussion in the field was proposed by Dobrilla [66] ; supposing that EL2 is generated in the close vicinity of dislocations, the high EL2 density regions would correspond to small cell regions (high EPD) whereas if EL2 is generated independently from dislocations the cell modulation would be superimposed on a background evolution. The situation is depicted in figure 8 . It was observed that the two models were partially satisfied in such way that the microstructure should be due to gettering ( [25] that the scattering also is maximum at the same wavelength. So the question to answer now is what could be the physical mechanism of the scattering of the infra-red light.
Another point to take into consideration is the behaviour of the images in the range of the high absorption close (50 meV) to the gap. It was observed that this region is sensitive [29, 30] to PQ (then related to EL2) which gives rise to an inverted contrast image (Fig. 9 ) of the cell pattern [74] . But further investigations [33, 34] showed that the inverted image still exists before quenching. Many shallow traps were identified in this energy range [75] which are related to EL2 [5] ; the stability of this image with respect to PQ leads to the opinion that it belongs to an absorption mechanism independent of EL2 or to a coherence artefact of diffracted photons or also to an effect of local gradient in the refractive index [26] . 3 . Laser scattering tomography. [25, 75] mechanism ; Katsumata [65] showed that the wavelength of the scattered light was exactly the same as that of the laser beam thus eliminating the possibility of a luminescence contribution. Ogawa [25] also discovered that the scattering yield was resonant for the EL2 fundamental transition at 1.1 03BCm. Qualitatively the LST images agree with XRT or IRT observations : dealing with usual LEC undoped materials a similar pattern of cells can be observed (Fig. 10) . Nevertheless it is to be kept in mind that IRT makes an integration of the pattern over a much larger thickness of material ; the LST plane thickness corresponds to the entering laser spot (i.e. some ten microns).
The LST image is more detailed than the IRT image as can be seen in figure 11 ; figure 12 . Nevertheless Ogawa observed that LST reveals a special kind of dislocation which is not observed on the IRT images. The texture of the cell pattern greatly changes with the material, the doping, the position in the wafer or in the ingot [77] : the central zone of cells generally observed at the seed end progressively extends to the total wafer in the tail region and at the same time the cells become larger. This observation is consistent with the previous profiles of EL2 changing from a W shape to a U shape [43] . At Katsumata [65] that low As materials or materials grown in a magnetic field display a faint LST structure whereas the IRT image is still valid. The LST intensity roughly varies as the fourth power of the absorption coefficient a thus indicating a possible different origin of the IRT and LST images. It also implies that excess As plays a decisive role in both images ; as a matter of evidence the two kinds of images clearly differ in the details [33] .
The point still in question concerns the specific role of EL2. The influence of the annealing on IRT images is not dramatic [55, 51] ; several authors [73, 75, A discussion relative to photo-quenching effects in LST experiments was given by Skolnick [33, 74] This distribution is flattened after annealing and also in HB, HGF or In-doped materials [91] . This behaviour follows satisfactorily that of the EL2+ centre [87] in accordance with the EPR experiments. After annealing it was also observed on sample sections [83] that the PL emission is increased near the surface in agreement with the expected out diffusion of EL2.
A correspondance of the P/CL images with other parameters was proposed by Kuma [49] . It was also noted that the P/CL intensity depends on the As content [15] [94] even shows that clusters of dislocations often provide a bright point in the centre of the dark area (Fig. 15) .
Even within the walls individual dislocations can be selected [90] with high optical resolution systems.
The spectral content of these emissions are very similar [94, 95] and the images does not change appreciably with temperature [96] , which shows that the same kind of emitters are concerned. Nevertheless the contrast [96] of these images can be very high (a factor 620 was obtained).
In spite of these observations the exact nature of the C/PL band edge emission is not easy to understand. The high emission of the walls could be attributed to a higher density of D.A. recombination sites indicated by SIMS analysis [95] . This is in agreement with an observed higher local conductivity but the important contrast of the P/CL image would imply too large a variation in impurity densities [96] even if acceptors different from carbon are taken into account [49] . A more satisfying explanation should involve the variation [96] [84] observed that it does not give rise to a pattern of bright cell walls and other workers even evidenced an anti-correlation [49, 96, 97] with the band edge images (Fig. 15) : the emitted intensity decreases in the high EPD regions giving a complementary M profile [97] and the cell walls are dark thus fitting with a distribution of killer centres. It is generally supposed that a deep donor [84, 86] is involved in this radiative transition which could be responsible for the non radiative capture of electrons giving rise [96] to the lifetime T. Possible origins could be VGa [86] or EL2+ [56, 85, 97] . This emission is excited by Argon [98] disagrees ; the reinforced emission from the walls agrees with an EL2 contribution [85, 86] ; other arguments for EL2 involvement are the quenching of the image [86, 97] , its relation to the excess of arsenic and also the sensitivity to the 1.06 &#x3E;m excitation. The role of oxygen proposed by Yu [99] is no longer considered. 5 . Conclusion.
The EL2 centre is probably not a unique defect and it displays a variable DLTS signature [6, 100] 
